Abstract-The generalized Planck's law describes the light emitted by a blackbody. In the past this law has been generalized to semiconductors. Whereas Planck's orginial formulation roots on a same temperature between the body and the emitted photon gas, the generalized expression for semiconductors has been used to describe electron-hole plasmas in non-equilibrium with the lattice. Here we show experimentally how to determine different electron and hole temperatures in non-equilibrium with the photon gas. Since the absorption coefficient varies with the carrier density and is part of the generalize Planck's law, we particularly emphasize the importance of the absorption coefficient in the analysis of hot carrier photoluminescence spectra.
I. INTRODUCTION
The radiation emitted by the blackbody has been generalized to non-blackbodies [1] and applied to semiconductors. This so called generalized Planck's law enables to access the fundamental thermodynamical properties of the carriers, namely their temperature [2] and electrochemical potential [3] . This generalized Planck's law has been widely used to fit hot carrier photoluminescence spectra [4] . However the temperature measured with this method has been defined by Planck as an emission temperature [5] , which characterizes a body in equilibrium with the radiation that it emits. In the case of hot carriers, the carriers are considered to be hot whereas the lattice of the material remains cold. But it is not clear which carrier heats [6] and the relationship between the measured emission temperature and the corresponding temperatures characterizing each carrier temperature.
II. THEORY & METHOD A. Non equilibrium generalized Planck's law
The classical expression of the generalized Planck's law writes:
where A is the energy dependant absorptivity of the material, E the energy of the emitted photon, k B the Boltzmann constant, T the emission temperature and Δμ the quasi Fermi level splitting (electrochemical potential difference). This expression is generally used to linearly fit the experimental data, with an absorptivity measured with a spectrophotometer and considered to be independant from the carrier thermodynamical properties.
In order to see the relationship between the emission temperature and the temperatures of electrons and holes, this law has to be rewritten for non-equilibrium carriers.
This has been done sucessfully [7] , so that the electron and hole thermal non-equilibrium generalized Planck's law for a quantum well structure, considering parabolic bands, writes:
where ω is the energy of the emitted photon, A( ω = the absorptivity of the material, T However, this is not sufficient to fit the photoluminescence spectra, especially at high incident photon fluxes.
B. Absorptivity
Indeed, after a first attempt to fit photoluminescence spectra by taking into account the Burstein-Moss effect accounting for the band filling [8] , we use a generalized Elliott absorption model [9] , [10] , [11] , [12] , [13] for the expression of the absorption coefficient in the non-equilibrium generalized Planck's law. The fit takes into account the band filling effect, as well as exciton screening effects:
where A( ω) is the absorptivity of the material, A lh , E lh , Γ lh the amplitude, energy and broadening of the light holes exciton absorption, A hh , E hh , Γ hh the amplitude, energy and broadening of the heavy hole exciton absorption, and A C , E C , Γ C the amplitude, energy of the continuum edge and broadening of the unbound excitons, taking into account the Sommerfeld factor for Coulomb interactions. Last the Fermi Dirac distributions of electrons in the valence and conduction bands respectively f e V , f e C express the classical band-filling effect.
The expression (3) of the absorptivity is inserted into the non-equilibrium generalized Planck's law given in expression (2) . The resulting new expression has enabled us to fit the photoluminescence spectra shown in this work.
C. Experimental method
The sample used for this study is a InGaAsP multi quantum well structure, developed initially for laser research by the laboratory FOTON (Insa, Rennes, France). The sample has 6 wells of 3nm width each, enabling to have a well defined photoluminescence spectrum in the region of the wells. The energy gap of the wells is 0.78 eV at ambient temperature.
The sample has been investigated with a 980 nm laser (1.26eV), generating carriers in both the wells and the barriers. The photoluminescence signal has been recorded by a spatially and spectrally absolutely calibrated hyperspectral setup [14] .
III. EXPERIMENTAL RESULTS & DISCUSSION

A. Photoluminescence spectra shape
A photoluminescence data set obtained at low incident photon flux has been converted into polar coordinates in order to see the change of the shape of the photoluminescence spectrum with the distance from the laser spot on the sample. As show on Figure 1 (a) , the intensity of the photoluminescence spectrum increases for a distance closer to the laser spot. In order to see a possible change of the shape of the spectrum, each photoluminescence spectrum has been normalized according to the value of its peak. The results are shown on Figure 1(b) , the shape of the photoluminescence spectrum is changed by going closer to the laser spot. Indeed, the high energy tail (from 0.8eV to 0.95eV) is modified as classically expected in hot carrier photoluminescence [2] , but also the low energy tail (0.75eV -0.8eV).
Whereas the change in the low energy tail seems to have a lower magnitude than that in the high energy tail, this change can be only fitted by considering a change of the absorption coefficient, which is possible with the approach presented in this work, with a combination of expressions (2) and (3). The results obtained with this method are discussed below. Figure 2 show the variation of the carrier temperatures, the electrochemical potential with the distance from the center of the laser beam, from the fit of the hyperspectral photoluminescence data recorded at the lowest incident photon flux.
B. Experimental results
The temperature of the electrons, in circles on Figure 2 (a), is very close to the emission temperature (triangles on the same figure), obtained with our full spectrum isothermal fit. However the temperature of the electrons is slightly higher than the emission temperature, and the difference increase with the increase of these temperatures. The temperature of the holes, in squares on Figure 2 (a) is lower than both the emission temperature and the electron temperature. Moreover, far from the center of the laser beam, between 11 μm and 14 μm, the emission temperature, the electron and the hole temperatures can be considered to be equal to the lattice temperature, because they are around 288K, and that the difference observed on the figure could be attributed to the uncertainty of the performed fit, estimated to be about 5K. Last, the hole have a temperature that increases later than that of the electrons.
Figure 2 (b) shows the variation of the electrochemical potentials with the distance. First, we observe that the electrochemical potential of the electrons is higher than that of the holes by 80 meV. Second, the electrochemical potential of the carrier is not symmetric and that of the electrons (in circles) increases while approaching the center of the laser beam, in a same trend than the isothermal electrochemical potential obtained with our developed isothermal full spectrum fit method, displayed in triangles. Last the electrochemical potential of the holes increases and remains constant.
IV. CONCLUSION
Starting from the classical generalized Planck's law we have developed a non-equilibrium generalized model to describe hot carrier photoluminescence spectra. However this approach was not successful until we wrote a new non-equilibrium generalized Planck's law taking into account the variation of the absorptivity with the temperature and electrochemical potentials of the carriers. This last expression has been sucessfully used to fit absolutely calibrated hot carrier photoluminescence spectra to obtain different electron and hole temperatures as well as different absolute electrochemical potentials for each type of carrier. Last we use these results to compute different electron and hole thermalization coefficients.
This work shows an increased accuracy in the fit of hot carrier photoluminescence spectra. The theoretical approach and the experimental results can be useful to have a better insight into the separate hot carrier thermodynamical properties of electrons and of holes. These thermodynamical carrier properties give new opportunities for both photovoltaic and thermoelectric effects: indeed this approach is a first step before characterizing transport properties such as thermopower [15] , thermal and electrical conductivity of a sample, with one contactless hot carrier photoluminescence measurement.
